Polyacrylamide "water-in-water" emulsion was regarded as a new generation of water-soluble polymeric materials and has attracted much attention from both academia and industry because of its environmentally-friendly character. Anionic polymeric "water-in-water" emulsions prepared by dispersion polymerization of acrylamide (AM) and sodium acrylic acid (NaAA) in mixed solution of Na 2 SO 4 and (NH 4 ) 2 SO 4 are reported in this paper, and the parameters influencing polymerization and the final dispersion stability, including, N 2 flow rate, chain transfer agent content, inorganic salt content, and the molar ratio of AM to NaAA were examined and opitimized. It was found that the intrinsic viscosity of resulting copolymers decreased as the N 2 flow rate and CTA concentration increased, and the resultant dispersions with 27 % 28 % inorganic salt have regular particle shape, lowest particle size, better flowability and storage stability. The salt level in the reaction system would also dominate the time that the dispersion formed, and the ratio of AM to NaAA would influence the total monomers conversion and polymerization rate.
Introduction
High molecular weight anionic copolymers of acrylamide (AM) and sodium salt of acrylic acid (NaAA), poly(AM-co-NaAA), have been utilized in various industrial applications ranging from paper-making [1] , water purification [2] , sludge dewatering [3] , mineral processing [4] to tertiary oil recovery [5] . Historically, four physical forms of poly(AM-co-NaAA) products, i.e., liquid, gel, powder and emulsion or microemulsion, appeared successively so far, and each modality has its own advantages and disadvantages [6] . For example, the popularly-used powder form products are convenient for long-distance end users due to their high active content and reduced transportation costs, but the dissolution process is tedious and swollen translucent "fisheyes" are always witnessed; though "water-in-oil" (W/O) emulsion and microemulsion products can be rapidly dissolved; large amount of surfactants and flammable hydrocarbon liquid are needed during preparation, and consequently, million pounds of oils and surfactants are released to the environment with the polymer, leading to secondary pollutions [7] .
In order to overcome the difficulties with inverse emulsions and dry polymers, there is an ongoing pursuit for the development of environmentally friendly, safe route for poly(AM-co-NaAA) copolymers. Aqueous dispersion polymerization is one of the promising ways to reach such a goal.
This process permits production of the polymers as stable colloids in water. During the homogeneous dispersion polymerization, the water soluble monomers are dissolved in an aqueous salt solution for polymerization using low-molecular weight polymer as stabilizer. Produced high-molecular-weight polymer is then deposited in the reaction system by salting-out effect to form dispersion which can be dissolved rapidly in water. The resulting system was usually called "water-soluble polymer dispersion" [8] or "hydrophilic polymer dispersion" [9] , and more usually, it was called "water-in-water" (W/W) emulsion as it looked like emulsion in appearance [10] [11] [12] . For end use applications, such a dispersion can be either diluted with water, or just simply added to a water stream without any surfactant inverter.
While dispersion polymerization in organic solvent appeared as early as mid-1970's [13] , to the best our knowledge, the first report concerning dispersion polymerization in aqueous media was pioneered in early 1980s by Hosoda and his co-workers [14] who obtained poly(sodium acrylate) "W/W" emulsion by homopolymerization of NaAA in the presence of poly(ethylene glycol).
Since then, no further work in this area was found until Jaeger et al [15] reported the dispersion copolymerization of AM and a cationic monomer, benzyl-2-(methacryloyloxy)ethyl dimethyl ammonium chloride (MADAMBQ), in NaCl aqueous media with block copolymeric stabilizer. The same group also investigated the dispersion homopolymerization of methacryloyloxyethyl trimethyl ammonium chloride (MADAM) and MADAMBQ respectively [16] . Hereafter, cationioc polyacrylamide aqueous dispersion was further developed by many investigators such as Reichert [17] , Cho and co-workers [18, 19] , Wang's team [20] and Wu et al [21] . However, just a little opening information relative to anionic polyacrylamide could be found in the publication literature. Wu et al [22] synthesized copolymer of AM and 2-acrylamido-2-methyl-1-propane sulfonate (AMPS) in an aqueous solution of (NH 4 ) 2 SO 4 and using poly(AMPS) as a stabilizer. They found when the dispersion was diluted with salt water in which the (NH 4 ) 2 SO 4 concentration kept equal with that of the original dispersion, particle size and particle size distribution of the diluted dispersion changed a little; while diluted with deionized water, particle size and particle size distribution could expand several times. Wang and co-workers [23] copolymerized AM with AA in an aqueous solution of (NH 4 ) 2 SO 4 using poly(NaAMPS) as the stabilizer, and their results showed that variation of (NH 4 ) 2 SO 4 concentration could affect the particle size and the intrinsic viscosity ([ ]) of the copolymer significantly. The same group also compared the influence of molecular structure of stabilizers on the size and [ ] of the final polymer dispersions [24] .
In this paper, poly(AM-co-NaAA) was synthesized by dispersion polymerization in a mixing salt aqueous solution of (NH 4 ) 2 SO 4 and Na 2 SO 4 using low-molecular-weight anionic polyelectrolyte as stabilizer. Effects of some reaction parameters, such as AM/NaAA mole ratio on conversion, total inorganic salt concentration on particles morphology and salting-out velocity, as well as N 2 flow rate and concentration of chain-transfer agent on [ ] of resulting polymer were examined.
Results and discussion
Molecular weight, or [ ] of the polymers is one of the key considerations in the aqueous dispersion polymerization process as the presence of inorganic salt will somewhat influence the polymerization, and thus the final molecular weight. However, contradictory results have been found in the previous work reported by different research groups. For example, both Cho et al [18] and Wu et al [21, 22] found that salt content would not affect significantly the molecular weight of the polymers; otherwise, Wang's group [19, 23, 24] repeatedly observed decreased molecular weight upon increasing inorganic salt loading in the polymerization system. In this work we examined some parameters possibly influencing the polymerization so as to bridge the laboratory experiments and industrial pilot tests.
Effect of N 2 flow rate on [ ] and induction period
It is well known that O 2 is a strong inhibitor and has a priority to consume free radicals, which may lead to premature death of free radicals and reduce molecular weight of the resulting polymers; and removal of O 2 by purging with N 2 is particularly needed in the relative complex dispersion polymerization system in order to increase the molecular weight of the polymers. . N 2 flow rate on intrinsic viscosity of the poly(AM-co-NaAA) and induction period of the dispersion polymerization of AM and NaAA (total monomer content,18 wt%; total inorganic salt content, 27 wt%; stabilizer content, 4 wt% relative to monomers content; CTA, 0.3 wt% relative to monomers content).
However, it seems the N 2 flow rate played the role as a "double-edged sword": much smaller [ ] was evidenced when increasing the flow rate of N 2 stream though much shorter induction period found in this situation ( Figure 1 ). These results actually resulted from two opposite effects: as the viscosity of solution increased when the polymerization was initiated, big bubbles were formed by N 2 and diffused upwards slowly. This made polymer molecules touch each other closely, and the intermolecular collision became more frequent, leading to polymerization rate acceleration at the same time, which caused the rapid consumption of the decomposed free radicals. Eventually, such an effect decreased molecular weight of the resultant polymers. On the other hand, the low-or non-oxygen environment promoted chain growth as less or no free radicals reacted with O 2 . This undoubtedly accelerated polymerization rate, thus shortening induction period.
Effect of chain-transfer agent concentration on [ ]
Since quite high monomer concentration and high N 2 flow rate were employed in the polymerization process, CTA was used to ensure the smooth chain growth and avoid direct pure solution polymerization. To get homogeneous "W/W" emulsion, the polymerization rate and the velocity that particles separated from solution must be controlled evenly. Without CTA, the polymerization rate goes faster than that of particle deposition, rendering the formation of gels. 2 . Effect of chain-transfer agent concentration on intrinsic viscosity of poly(AMco-NaAA) (total monomer concentration,18 wt%; total inorganic salt content, 27 wt%; stabilizer content, 4 wt% relative to monomers content; N 2 flow rate, 0.3 L min -1 ).
As exhibited in Figure 2 , intrinsic viscosity of the polymers decreased rapidly upon increasing the concentration of sodium formate, and "W/W" emulsion could not be obtained if CTA has been overused. In this case, the polymer particles were unable to separate from the solution as the polymer chains did not reach critical chain length. On the other hand, if CTA content was too low, dispersion could not be obtained too, as the reaction stopped at the solution polymerization stage and would not shift to the dispersion process. In our experiment, we found the optimal CTA level is around 0.18% 0.3% based on total monomer weight.
Effect of inorganic salt on particle morphology and dispersion stability
The type and concentration of inorganic salt are also key factors dominating the dispersion polymerization process and dispersion stability. First, the solution with high concentration of inorganic salt was poor solvent for the resulting polymers, making the polymers that reached critical chain length to separate form solution and form particles dispersed in the medium. Second, the anions and cations ionized from inorganic salt surrounded polymer particles and prohibited particles to attract each other. This was helpful to stabilize the resulting "W/W" emulsion.
The dispersion polymerization involves the starting of the polymerization and growth of polymer radicals in the continuous phase till they reach critical chain lengths, whence they precipitate either by a self-nucleation or aggregative nucleation process, forming nuclei [27] . The aqueous dispersion polymerization can be regarded as a 2-stage process: [20] the starting of the polymerization and growth of polymer radicals in the continuous phase are more like solution polymerization, and the proceeded aggregative nucleation is similar to emulsion polymerization. Therefore, the anionic polyacrylamide formed in the solution polymerization stage could be looked as sol, and the sol would be deposited from solution when the electrolyte concentration exceeded a critical value C, namely, the so-called coalescence value [28] . Normally, Schulze-Hardy rule could be used to choose the inorganic salt solution as medium for dispersion polymerization: as C was inversely proportional with the sixth power of chemical valence for opposite electrical property ion that sol carried, the C ratio of cations with one, two and three valences were ).
Variation of morphology of the particles formed in dispersion polymerization was observed by different teams [18] [19] [20] [22] [23] [24] . Nevertheless, all the reported observations just have relative polymer loadings, generally around 10 % less which is A B C D E W F more readily to get stable "W/W" emulsions; while in this work, the polymer content in the dispersions used for microscopic observation is as high as 18 percent.
Exhibited in Figure 3 are the micrographs of the poly(AM-co-NaAA) dispersion particles obtained at different salt concentrations ranging from 24 % to 29 %. Irregular particle shape was found when the inorganic salt concentration is between 24 % and 26 %, and the particle size is around 10 m (Figure 3a and 3b) . Correspondingly, poor flowability was witnessed and the viscosity of the dispersion was as high as 1200 mPa s. In addition, poor storage stability was also evidenced for these cases. As listed in Table 1 , the dispersions became gel-like and demixed when stored at room temperature over one month. However, when increasing the salt content to between 27 % and 28 %, regular particle shape and smaller size were found. In these cases, much better flowability of the dispersion was obtained. For instance, the apparent viscosity was only 250 mPa s for the dispersion obtained at 27.5 % inorganic salt, and it could be kept without coalescence for more than two months. When further increasing the inorganic content higher than 28 %, irregular particle shape and larger size could be observed again, and poor flowability and storage stability were also evidenced: at 29 % inorganic salt, the particle size exceeds 10 m ( Figure 3F ), the dispersion with apparent viscosity 1400 mPa s became gel-like and demixed when stored over two weeks only. ; CTA content, 0.3 % relative to monomer content).
Tab. 1. Effect of inorganic salt concentration used in polymerization on
The velocity that particles precipitated in the reaction system increases upon increasing inorganic salt concentration, so the amount of particles in unit volume increased rapidly; however, exorbitant inorganic salt concentration was not always good for dispersion, because the primarily produced particles have not enough time to adsorb enough stabilizer molecules, thus unable to form bigger particles [20] . So, when at too high salt concentration, for example, 29 %, irregular particle shape and big particles appeared, along with poor dispersion flowability and poor storage stability found macroscopically. However, the polymerization rate goes faster than the particles separated-out velocity from solution if the inorganic salt concentration is too low, for example, 24 % 26 %. In this case, the viscosity of reaction mixture was high, and the agitation intensity near the axis was rather low and the sticky polymer phase could not be dispersed easily there and some polymer blocks could be formed. Therefore, 27 % 28 % inorganic salt concentration might be optimal "window" for the recipe used in this work.
Effect of inorganic salt concentration on salting-out velocity
As proposed by Wang and his coworkers, [20] dispersion polymerization in aqueous salt media followed "five-stage" mechanism: formation of small polymer phase regions, increase of small region amount, increase of high molecular weight polymer content in the small regions, particles separation and dispersion formation. With polymerization proceeding, the appearance of the polymerization system changed, and thus instantaneous transmittance or turbidity of the dispersion polymerization system could reflect salting-out velocity as the transmittance of the system would decrease when polymerization proceeded. Figure 4 shows the variation of transmittance of the polymerization system at different polymerization time interval with different salt content. The transmittance of all dispersion systems exceeded 95 % at the beginning of the polymerization, but rapidly decreased to below 20 % in 20 min. The polymerization system turned turbid from clear after 30 minutes of reaction. One could also find different transmittance decay for different salt content. The general trend is the higher the salt content, the quicker the transmittance decreases. For example, the transmittance descended from 95 % to 20 %, 25 %, 26 %, 27 % and 28 % inorganic salt would spend 22 min, 16 min, 15 min and 12 min respectively (Figure 4) . Obviously, this alteration of transmittance was relevant with the content of the organic salt used. ).
Effect of AM/NaAA ratio on monomers conversion
As shown in Figure 5 , we found polymerization proceeds faster on decreasing the molar ratio of AM to NaAA: at 93 : 7, it took 200 min to get 90 % conversion; to reach ; CTA, 0.3 % relative to monomer weight).
Experimental

Materials
The monomers, acrylamide (AM, 99.5 %; Changjiu Agri-Scientific Co. Ltd., Nanchang, China), acrylic acid (AA, AR grade; Tianjin Kemel Chemicals Reagent Ltd., China), 2-acrylamido-2-methylpropanesulfonic acid (AMPS, > 97 %; Shouguang Union Chemicals, China), methacrylic acid (MAA, CR grade; Tianjin Bodi Chemicals, China), were all used without further purification. All the AR-grade reagents, (NH 4 ) 2 SO 4 and Na 2 SO 4 (Sinopharm Chemical Group, China), ammonium persulfate, sodium bisulfite, NaOH and sodium formate (Shanghai API China Chemicals Reagent Ltd. China), 2, 2'-azobis(2-(2-inidazolin-2-yl)propane)-dihydro chloride (VA-044, WAKO, Japan), were all used as received. The water used in this work was doubly distilled, and nitrogen has the purity of 99.999 %.
Synthesis of stabilizer
The stabilizer was prepared by free-radical aqueous solution polymerization. Designed amount of AA or MAA, AMPS, NaOH and deionized water were conducted in a 500-mL, four-necked round bottom flask equipped with a water condenser, thermometer, mechanical stirrer, N 2 inlet and outlet. The solution of (NH 4 ) 2 S 2 O 8 and NaHSO 3 was then injected after 30 min when the monomer solution was purged with N 2 and heated to 50 C. Polymerization proceeded for about 20 h and intrinsic viscosity of the final polymeric stabilizer was between 80 150 mL/g when measured in 1 mol L -1 NaCl solution. The proportion of AA in the copolymeric stabilizers directly correlated with that in poymer feed ratio, for example, for the 93 : 7, 90 : 10 and 80 : 20 AM-NaAA monomer pairs, the NaAA molar content in the stabilizers are correspondingly 7 %, 10 % and 20 % respectively.
Dispersion polymerization
Designed amounts of monomers, inorganic salt, stabilizer, CTA and deionised water were conducted in a 500-mL, four-necked round bottom flask equipped with a water condenser, thermometer, mechanical stirrer, N 2 inlet and outlet. Dispersion polymerization was kept at constant temperature 25 C under N 2 with stirring speed of 800 1000 rpm. After purging with N 2 for 15 min, the solutions of (NH 4 ) 2 S 2 O 8 , NaHSO 3 and VA-044 were injected. In all the polymerization systems, the total monomers concentration was 18 wt% and the ratio of NaAA to AM varied from 7 : 93, 10 : 90 to 20 : 80. Mixed solution of (NH 4 ) 2 SO 4 and Na 2 SO 4 (n (NH4)2SO4 : n Na2SO4 = 5.92 : 1) was utilized as reaction media. The total concentration of inorganic salt varied from 24 % to 29 %, and the content of stabilizer was kept at 4 wt% relative to the monomer loading. Polymerization preceded for 16 h and the milk-like dispersions, i.e., "W/W" emulsion was then obtained.
Determination of monomers conversion
Conversion of monomers was determined gravimetrically. A certain amount of reaction solutions was taken at different time interval, followed by precipitating them in excess of acetone to remove residual monomers. The obtained white precipitates were dried at 40 C under vacuum until constant weight was attained.
Transmittance of dispersion
An ultraviolent spectrophotometer (Hitachi-U2010) was used to monitor the transmittance change of the dispersion polymerization system at different time intervals. The transmittance of the original unreacted system could be regarded as 100 %.
Measurement of intrinsic viscosity
Concentrated stock polymer solutions was prepared by dissolving appropriate amount of purified polymers in 1 mol L -1 NaCl aqueous solution with gentle magnetic agitation. Intrinsic viscosity, [ ], was then measured at 30 0.2 °C maintained with a thermostatic water bath. Stock solution was successively diluted with the same NaCl aqueous solutions by five-spot method. Measurements were carried out using an Ubbelhode capillary glass viscometer with capillary inner diameter of 0.56 mm. The efflux time of solvents through the tube exceeds 100 s which minimizes the correction of kinetic energy. 3 (2) where C p is the polymer concentration, and k H , k K are Huggins constant and Kramer constant respectively.
Observation of the particle
The morphology and size of the resultant poly(AM-co-NaAA) "W/W" dispersion particles were photographed by an optical microscope (Axioskop 40, Zeiss, Germany).
Determination of dispersion viscosity
Apparent viscosity of polymer dispersions were measured at different storage intervals with a Brookfield LVDV-III Programmable rheometer equipped with the SC4-31 spindle and corresponding adaptor at 25 C with shear rate 10 s -1
.
